growth physiology [9, 10] . Cephalometric landmarks were primarily chosen to support specific theories, without consideration of their reproducibility. However, reproducibility is important for patient follow-up, communication between clinicians, assessment of treatment outcomes, and the accurate determination of craniofacial growth patterns. Any discrepancy between the inter-or intra-observer selection may bias these procedures. To overcome the inaccuracies and shorten the examination time, cephalometry has evolved from a manual to a computeraided technique, and some calibration methods have been proposed. The first attempt at calibration was the introduction of coordinatographs in 1980 [11] . The coordinatographs were composed of movable cursors mounted on two straight runners embedded in a circular runner. This construction allowed for linear and angular measurements along the X and Y axes, the registration of landmark coordinates at 0.1 mm and 0.1 degree increments, and the superimposition of different cephalograms. However, calibration with coordinatographs required complex equipment and was still time-consuming compared to fully manual tracing. Later, the development of computer technology allowed coordinatographs to be replaced by specialized software. The use of applications dedicated to cephalometry has thus reduced the time needed for examination [12] , facilitated inter-physician communication, and increased the accuracy of cephalogram superimposition. With this approach, three more calibration techniques have been introduced. The Programme of Professional Calibration (PPC) was described in an 8-hour lecture series by PhD graduates in oral radiology and specialist in orthodontics [13] . Although this method had a positive influence on landmark identification, it required the involvement of professionals in the calibration process, hindering its implementation for all physicians in daily practice. The second method introduced the use of specialized software for the calibration process -which in this case was based on comparative analyses between the examiners and users [14] . Thus, this technique could be more broadly available, but was limited as only managing users could choose the landmarks for calibration. The technique allowed for the comparison of results with only pre-specified examiners, and the involvement of third-person manager users, who were responsible for information management, decreased the usability of this method. The last method was an online application designed for students to practice cephalometric tracings [15] . This technique was not directly related to landmark identification calibration, but provided an opportunity for the comparison of detection skills on anatomical structures on cephalograms. However, computer-aided cephalometry has still not resolved the problem of random error, which is mainly the result of deviations in landmark identification [16] . Another attempt to eliminate this problem was the introduction of fully automatic analyses. Unfortunately, the accuracy of these methods remains poor (less than 2 mm), excluding them from use in clinical practice [17] . Hence, computer-aided methods are currently the most clinically efficient techniques for cephalometric analyses. The aforementioned problem of random error, especially as it relates to the reproducibility of landmark identification, has been the subject of numerous studies [4, 11] . However, to our knowledge, none of these previous studies has addressed the possible influence of landmark errors on cephalometric angular measurements. This is an important issue, as the size of any resulting angular changes determines acceptable versus insignificant landmark inaccuracies. Thus, the aims of this study were: to identify the possible influence of linear landmark deviations on the X and Y axes on angular measurements, and to propose and present an individual cephalometric calibration to overcome the drawbacks of the aforementioned calibration techniques.
Material and Methods
The definitions of all landmarks, lines and angles used in this study are presented in Table 1 .
Measurements of Angular Changes
For the purpose of this experiment, we created a reference cephalometric template in the freeware GeoGebra software (International GeoGebra Institute, Linz, Austria) (Fig. 1) . Based on the template, the ideal values of the "S", "N", "ANS", "A", "B", "Go", "tgo", "Pm", and "Gn" landmark locations were modified for 0.5 mm, 1 mm, 2 mm, 3 mm and 4 mm in each direction on the X and Y axes. Subsequently, angular changes were noted, and the template was undone and reset to the initial position.
Individual Calibration
Two computer applications are required to perform the calibration process described below. The first is ImageJ, which can be freely accessed from: http://imagej.nih.gov/ij/ (Wayne Rasband, National Institutes of Health, USA). The second is any spreadsheet application. After application installation, three digital cephalograms must be prepared. The calibration process consists of four steps.
Setting the Scale
To start the calibration process, we open the first digital cephalogram in ImageJ by choosing the "Open" command from the "File" dropdown menu. Clicking the "+" key/button allows us to zoom on the ruler on the cephalostat. The "Straight" tool from the graphic user interface (GUI) can measure a distance corresponding to 10 mm on the cephalostat ruler. Next, we need to choose the "Set scale" command from the "Analyze" dropdown menu and enter the measured value of 10 mm in the "Known distance" dialog box. This allows us to set the proper scale of our cephalogram.
Selecting the Landmarks
Before starting landmark selection, we leftclick on the "Point" tool from the GUI and check if "Mark width" is set to 10 px and that the "Automeasure" option is marked. Next, we unmark all options in the "Set measurements" section in the "Analyze" dropdown menu. At this step, we can start selecting the cephalometric landmarks using the "Point" tool. It is important to select landmarks in the same order in each repeated procedure. After all the landmarks are selected, we use the "Edit" dropdown menu to choose the "Options" and "Input/Output..." commands. This causes a new window to appear, in which we must unmark the "Copy column head" and "Copy row number" options.
Transferring the Results
We need to select all the values from the "Results" window and copy them to the "cephalometry 1" column in the calibration template (Supplementary material 1).
Then, we repeat these three steps for each of the three prepared cephalograms. This procedure should be performed three times within a one-week interval by copying the values from the "Results" window to the trial 2 and trial 3 columns.
Reading Results
The results are presented according to the accuracy classification described in Olszewski et al. [18] . The results displayed on white backgrounds have an error < 1 mm, while those displayed on green, yellow, or red backgrounds have errors between 1-2 mm, 2-3 mm and > 3 mm, respectively.
The calibration process is presented in Figure 2 .
Results
The differences in the angular measurements according to deviations in the landmark locations are presented in Table 2 . For all angular measurements, a landmark selection error ≥ 2 mm resulted in a change of more than 1 degree. For the SNA angle, a change greater than 1 degree appeared only when the "S" landmark was shifted vertically, the "A" landmark was shifted horizontally and the "N" landmark was shifted in both directions. Similarly, the SNB angle value was greater than 1 degree when the "S" landmark was shifted vertically, the "B" landmark was shifted horizontally, and the "N" landmark was shifted in both directions. For the SNA angle, a change of more than 1 degree was only observed when the "S" landmark was shifted vertically, the "A" landmark was shifted horizontally, and the "N" landmark was shifted in both directions. The ANB angle was invariable for the "N" landmark deviation, but a horizontal change of ≥ 2 mm in the position of the "A" and "B" landmarks resulted in angular changes. For an extreme landmark involved in the NL-NSL, ML-NSL and ML-NL angles, any vertical dislocation resulted in angular changes in the listed angles. Differences in the horizontal position did not affect any of the three aforementioned angles.
Discussion
Errors in cephalometry can be divided into random errors and systematic errors [17] . Systematic errors arise from the lack of compensation of cephalogram magnification, and can be minimized using digital radiography. Random errors result from either landmark position deviations or measurement inaccuracies. In the era of digital cephalometry, in which ruler-based measurements have been excluded form everyday practice, linear and angular inaccuracies should be considered the results of improper landmark positions. Our study shows the potential influence of landmark deviations on angular measurements (Table 2) .
It should be noted that when the distance between the edge landmarks of the angle and central landmark increased, the influence of inaccuracies in the landmark selection decreased. Only unidirectional landmark dislocations affected the specific angular measurements. Angles that were horizontally orientated (NL-NSL, ML-NSL, ML-NL) were affected by vertical deviations in the landmark locations. Similarly, for vertically oriented angles (ANB), only horizontal landmark displacements had any evident influence on the angle values. Nevertheless, wide angles such as SNA and SNB could be bilaterally susceptible to shifts due to either 3) setting the magnification scale by typing the known previously measured distance (10 mm); (4) selecting the landmark using the "Point" tool; 5) copying the measured values into the calibration template; 6) calibrating the results according to the categories described by Olszewski et al. [18] : the white background represents differences < 1 mm, the green background represents differences between 1-2 mm, the yellow background represents differences between 2-3 mm, and the red background represents differences > 3 mm horizontal or vertical displacements. This result suggests that, in most cases, only unidirectional corrections for specific landmarks would be necessary to obtain reproducible measurements. One solution to this problem would be the use of tentative landmark definitions. Fuyamada et al. [19] showed that using separate definitions of landmark locations on each axis significantly improved the selection accuracy. This method could also reduce the time required to implement any necessary corrections. The second part of this study consisted of the presentation of individual cephalometric calibrations to increase the accuracy of the selected landmarks. This may be of particular importance when planning orthognathic surgery, where any linear or angular error may be enlarged during surgical wafer fabrication and further surgery. Followup measurements also require reproducible landmark selection to accurately assess treatment outcomes. Finally, the introduction of cephalometric calibration during the education process may increase awareness among students that cephalometry results are highly dependent on performance precision. We proposed a calibration method that allowed for the detection of landmark inaccuracies in the X and Y axes. This method was based on freely available software and does not require any third-party participation. Because cephalometric analyses are based on comparisons between current and planned tracings or between two measurements collected at different times of growth, one of the examinations is considered to be the reference template for the other. This process frees this method from the need for a reference template created by an expert in cephalometry and instead requires individual calibration between cooperating clinicians. Therefore, our templates allow the calculation of mean and maximum differences, as well as standard deviations between measurements performed by one or more physicians (Supplementary material 1) . Inter-and intraobserver reliability could also be measured using the interclass correlation coefficient [20] , although this measure is dimensionless, thus decreasing its clinical usefulness. The concept of the smallest detectable difference (SDD) was introduced to cephalometry by Damstra et al. [20] . As authors have stated, the SDD defines the 95% confidence limit of the method error. Later calculations estimat- 
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ed that the smallest detectable inter-observer differences for SNA, SNB and ANB for above 2 mm were 2.12, 2.31 and 2.57, respectively. This could be of importance as long as the norm for SNA, SNB, and ANB are within 2 degrees. However, more accurate landmark identification provided by cephalometric calibration may improve the SDD to allow for more precise measurements. The presented calibration and influence of landmark dislocation refers to the simple deviation of one axis at a time, whereas in everyday practice, any inaccuracies occur in all axes simultaneously. This may be of minor importance for landmarks used only for measurements in one (horizontal or vertical) orientation, but it is crucial for landmarks used for several measurements at the same time.
Conclusions
Landmark deviations of ≥ 2 mm result in changes in the angular measurements of 1 degree or more. Depending on the landmark dislocation direction (horizontal or vertical), the angular measurements can be affected in either a minor or major way. Individual calibration allows for the detection of inaccuracies in the X and Y axes. Detailed analysis of the calibration results makes possible the correction of the selected errors, which could result in more accurate measurements during cephalometric analysis and the detection of more subtle changes.
